The gas-phase reaction between Mo0 3 . x and H 2 S in a reducing atmosphere and at elevated temperatures (750° to 900°C) has been used to synthesize large quantities of an almost pure nested inorganic fullerene (IF) phase of MoS 2 . A uniform IF phase with a relatively narrow size distribution was obtained. The xray spectra of the different samples show that the van der Waals gap along the c-axis increases with decreasing average size of the EF, largely because of the strain involved in folding the lamella. Large amounts of quite uniform nanotubes were obtained under modified preparation conditions. The M0S2 nested fullerenes were also grown on Ti and Nb oxide substrates. In one set of conditions, hollow nested fullerenes of MoS 2 were collected on a titanium oxide matrix. Under different flow conditions of the reacting gasses, nested fullerenes with endohedral metal oxides were obtained.
INTRODUCTION
Graphite nanoclusters have recently been shown to be unstable against folding and closing into fullerenes/1/, nested fullerenes 111 and nanotubes /3/. It is believed /4/ that the main stimulus to form carbon fullerenes (CF) emanates from the large energy associated with the dangling covalent bonds of the peripheral carbon atoms. Recent theoretical work 151 suggests that multi-layered nested fullerenes are thermodynamically more stable than single-layered fullerenes having the same number of carbon atoms. Although the growth conditions in most cases are far from equilibrium, some evidence in support of this theoretical work was obtained by an annealing of amorphous carbon soot with the beam of a transmission electron microscope (TEM) 161. Nanoclusters of layered metal dichalcogenide materials, such as WS 2 , were also recently shown Π-9Ι to be unstable against folding and close upon themselves to form nested fullerene-like structures (also designated IFs) and nanotubes, which are similar to their carbon predecessors. Although the driving force in this case is not likely to be very different, the detailed structure of the IFs is quite different from that of the CFs, largely because of the different structures of graphite and layered dichalcogenides. In particular, the IFs are generally more faceted than the CFs IS,91. In both cases threedimensional fullerenes are characterized by topological point defects on the basal planes of the regular crystal structure 1101.
Because carbon fullerenes can be considered as a metastable form of carbon, it was suggested /ll/ that the ideal growth conditions for CF could be provided through a gas phase reaction. In this case, each nanocluster is isolated in the reaction chamber and the only means for it to release its extra energy is through collisions with the noble carrier gas (He in most experiments). Development of a similar strategy for the IF would be desirable, but requires careful consideration and detailed knowledge of the phase equilibrium in the reaction chamber. However, the choice of source materials for a gas phase reaction is fairly extensive. For example, preparation of MoS 2 powders and films by the gas phase reaction between MoCl x (x = 3-5) and H 2 S /12/ or MOF 6 and H 2 S /13/ has been demonstrated. Alternatively, pulsed laser evaporation /14/ or metal organic chemical vapor deposition /15/ can be used to form IF from the gas phase. In order to take advantage of the sublimation of Mo0 3 . x at relatively low temperatures (>650°C), a reactor was built that allowed for a gas phase reaction between a stream of gaseous molybdenum suboxide and H 2 S. This reactor was used to prepare, reproducibly, a few milligrams of an almost pure EF phase in each run /16/. The production of copious amounts of IFs will allow a systematic study of the properties of the IF, the initial results of which are reported here.
SAMPLE PREPARATION
In order to understand how MoS 2 forms from H 2 S and M0O3 in a reducing atmosphere at elevated temperatures, the Mo-S-0 ternary phase diagram should be considered /17/. The following series of reactions are relevant for the growth of MoS 2 :
Mo03-
Nonstoichiometry commonly occurs in metal oxides, including the molybdenum compounds. One may also take advantage of the fact that some of the substoichiometric oxides are very volatile and sublime
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at temperatures as low as 650°C [reaction (1)]. However, if the reducing atmosphere is too strong, metallic molybdenum, which has an exceedingly low vapor pressure at these temperatures [reaction (3)], may be revealed. On the other hand, if the reducing atmosphere in the reactor is not sufficiently strong, oxisulfides of molybdenum with an orthorhombic structure are collected on the substrate [for example, reaction (4)]. Careful control of the reducing atmosphere in the reaction chamber is a prerequisite for the successful production of the elusive IF phase through reaction (2).
The dominant phase in the Mo-S phase diagram at low temperatures and excess sulfur regime is the amorphous M0S3 (a-MoS3> compound /13/. On elevating the temperature, 2H-MoS 2 predominates. This situation, which is represented by reactions (5) and (6), is favorable for the growth of IFs, because by losing sulfur the a-MoS 3 phase is expected to transform slowly into clusters of MoS 2 in the gas phase and spontaneously collapse into IFs /8/. This growth mechanism was particularly favorable for the growth of IFs through the solid-gas reaction /7,8/. To what extent an amorphous cluster of molybdenum disulfide or oxi-sulfide serves as a precursor to IF in the present gas phase reaction is not clear at this point.
A turbulent flow regime, which was difficult to control and maintain, was found to yield the best and most reproducible results in our reactor. In order to produce this turbulent regime, the two gas streams were put in 90° with respect to each other. Furthermore, the collecting quartz substrate was put behind a high wall of the boat ~ 3 cm upstream from the crossing point of the two gases. The quartz slides with the products were used as such for the x-ray diffraction (XRD), or the products were transferred onto Cu grids for inspection in a TEM.
RESULTS
A series of TEM images from the various reaction products which were obtained at different temperatures is shown in Fig. 1 . For temperatures up to 800°C, an amorphous phase was obtained ( fig. la) , which yielded a broad XRD peak and a fuzzy electron diffraction pattern. Growth at 820°C produced IFs ~ 20 nm in (external) diameter (Fig. lb) . The average size of the IFs increased with increasing reaction temperature. A typical example obtained at 840°C is shown in Fig. lc . Here the average external diameter is ~ 40 nm. When the reaction was allowed to proceed for 2 hours instead of 1 hour, there was no noticeable change in the IF size distribution. This result suggests that the sizes and morphologies of the IF are determined during growth in the gas phase and that quasi-equilibrium conditions prevail. At a growth temperature of 900°C, the external diameter of the IFs was 100 nm and the wall thickness was ~ 20 nm (Fig. Id) . Platelets of 100 to 300 nm in size and above, belonging to the 2H-MoS 2 polytype, start to appear at this temperature. If the temperature of the reactor is further increased, the fraction of the 2H-MoS 2 predominates and becomes the sole phase at 950°C. In this case most of the crystallites were oriented with their <0001> axis perpendicular to the substrate /18/. Higher annealing temperatures yielded even larger crystallites of the same phase. The IFs represented the most prevalent phase in the film only under a specific turbulent flow regime. They were visible only very rarely in the laminar flow regime even at temperatures (840°C) where IFs predominate under turbulent flow regime (Fig. le) . A high resolution image of two IFs obtained at 840°C is shown in Fig. If. The spacing between two adjacent layers in CF (c/2) and nanotubes was found to be somewhat larger than that of bulk graphite /19/. The lattice expansion was ascribed to strain relief in the folded structure. A similar mechanism for strain relief was expected to operate in the IFs. XRD spectra for the various films prepared on quartz substrates are shown in Fig. 2 . The scattering intensity of the thin films was very weak and, therefore, long-term measurements were taken for each film. The (0002) peak position in the XRD pattern depended not only on temperature but also on the flow regime, as expected from the TEM results. The XRD pattern for the film prepared in the turbulent flow regime at temperatures between 800°C to 900°C corresponded to the IF phase seen in TEM.
The sample prepared at 840°C showed an average expansion of 2% along the c-axis ( fig. 2 , spectrum a) compared with the 2H-phase (vertical line). The average size of the crystallites was calculated from the Debye-Scherrer formula to be 40 nm (see also Fig. lc) . Upon increasing the temperature to 900°C (Fig. 2,  spectrum b) , the intensity of the peak increased and the shift from the peak position of the 2H phase decreased (see also Fig. le) . The average size of the crystallites was 100 nm at this temperature, which suggests a reduced strain for the larger IF. The XRD spectrum of a specimen obtained within the laminar flow regime (Fig.  2 , spectrum c) at 840°C (see also Fig. le) corresponded to the 2H bulk phase.
The low intensity and the large width of the peak suggested that the crystallites were very small. TEM observations showed that these crystallites were in the form of small platelets (15 nm). The XRD spectra of the samples which were heated to Τ ä 950°C corresponded to the bulk 2H phase, independent of the flow regime. The XRD results were consistent with the TEM observations and confirmed the growth of the IF phase. The increased van der Waals gap (c/2) of the IF suggests an easier intercalation of small alkali ions into the IF compared with the bulk 2H polytype. When the nozzle of the exit gas mixture containing MO0 3 . X was made very narrow, substantial amounts of nanotubes were obtained (see Fig. 3a) . The nanotubes, which were obtained in this way, are very uniform in shape (Fig. 3b) : most of them contained between 5 to 10 layers of MoS 2 and their length reached a few micrometers. The nanotubes were mixed with a separate phase consisting of 2H-M0S2 platelets.
In the next series of experiments a "reactive" substrate was attempted as a collector of the nanocrystallites. Metal oxides, which may transform into sulfides in the reaction chamber, were chosen. The premise of this exercise was that such substrates could trap the fullerenes and perhaps react with them to give interesting mixed phases of fullerenes and nanocrystallites. Recently, the synthesis of carbon fullerenes stuffed with metal /20/ and metal carbides /21/ has been largely demonstrated. This development opens the field 30 nm Fig. 3 a -assortment of nanotubes obtained by the gas-phase reaction of Mo0 3 _ x and H 2 S in a reducing atmosphere at 850°C; b -highly magnified image of the arrowed tube. Distance between each two fringes is c/2 = 0.62 nm.
for many new applications. Similarly, encapsulation of metal, metal-oxides, and metal sulfides inside IF could provide a route for, e.g., the fabrication of solid-state junctions of <10 nm in size, or mechanically reinforced solid lubricants. In this paper we report on our early experiments with this idea. Towards that goal quartz substrates, covered with an ultra-thin (10 nm) film of either Ti, Nb or Mo, were provided. The substrates were oxidized before reaction started. Fig. 4 shows a high resolution TEM image of a single MoS 2 IF collected from the gas phase onto a Ti0 2 substrate. Selective area energy dispersive X-ray analysis (EDS) with an ultra-thin Be window, which was used in a scanning TEM mode, showed that the core and the rims /1,2/ of this nanociystallite have the same composition, i.e., MoS 2 . This is a further confirmation of our early study /8/ in which closed and hollow MoS 2 IFS were reported. Fig . 5 shows a high resolution mapping of a region in which a few M0S2 IFs were trapped on the Ti0 2 substrate. While Fig. 5a shows a dark field image of the region, Figs. 5b and c show the S and Mo (K lines) distribution in this specimen. This image and a few others, some at even higher resolution, clearly indicated that the MoS 2 IFs constitute a definite separate phase on the Ti0 2 substrate. The Di and Ο mapping showed a complementary pattern of these maps, i.e., the signals of both elements were very weak inside and very strong outside the IF. Fig. 6 shows a typical encapsulation of NbiOs (a) and Ti0 2 (b) with a MNoS 2 IF. Similar patterns were observed for M0O3 substrate, whose crystallites were encapsulated by an MoS 2 envelope of a few shells. Enveloping the oxides by the MoS 2 fiillerene was also confirmed by selected area EDS. Previously, Bursill 1221 considered this issue and found that NiS x can be encapsulated by MoS 2 fullerene. The encapsulation process will be further investigated, and the nanojunctions, e.g., between NbS 2 core and MoS 2 envelope, will be fabricated and tested.
In conclusion, much progress has been achieved with the synthesis of copious quantities of IF with sizes ranging from a few nm up to 100 nm in size. This allows a systematic characterization of these new materials. Major efforts are currently being put into the fabrication and analysis of the smallest IF. Using high resolution transmission electron microscopy combined with a local area energy dispersive chemical analysis and selected area electron diffraction, the structure of MoS 2 fullerenes and oxide encapsulated MoS 2 fullerenes was confirmed.
